Volume 37 ELASTIC AND MECHANICAL PROPERTIES OF DENTIN 711 Number 4 The steel plungers were prepared from cylindrical rods with half of the rod shaped to form a bar, 0.175 inch square. The square end was ground smooth, and 2 of these plungers, supported by a steel frame, were placed end to end with the specimen between them to form the compression unit. Prior to making any compression measurements the two steel ends were placed together and a stress applied. The stress was increased to a point just below the proportional limit of the steel plungers (2,500 lb.) and then relieved. This operation was repeated several times, and for all subsequent measurements the plungers were always used in the same relative position.
Specimen Preparation.-Blanks, in the shape of triangular prisms, were prepared from human first and second molars by sectioning and grinding. These blanks were then placed in a machine lathe and turned down into the shape of a cylinder. The ends of the specimens were finished flat and parallel by placing the cylinders in a hole in the center of a split brass disk, 3/4 inch in diameter, and polishing with 240A, 400A, and 600A Norton Tufbak Speed wet paper supported on a plate glass slab. Compression specimens 0.100 inch in diameter and 0.100 to 0.400 inch long were prepared in this manner.
Compression specimens of steel (SAE 1020), aluminum (24 S-T), and polystyrene (Jectron) were also prepared on the machine lathe, their dimensions being 0.170 inch in diameter and 0.250 to 0.300 inch long. In addition, standard 1/4 inch diameter tensile specimens were prepared from the 3 materials listed above.
Procedures.-The elastic moduli in compression of the various materials were determined from the slopes of the stress-strain curves within the elastic region. The necessary stress-strain curves were obtained by taking simultaneous readings of the stress, recorded on the testing machine, and of the strain, indicated on the Tuckerman Optical strain gauges. The loading was not interrupted during the experiment, and the stress and strain measurements were taken during loading. The rate of load application was usually 3,400 psi per minute, but several experiments were conducted at 34,000 psi per minute (see Table II ).
Since most of the dentin specimens were approximately 0.20 inch long and the strain gauges, as normally used, were 1 inch in length, the deformation recorded included the deformation for about 0.80 by 0.175 by 0.175 inch of steel. Of course, corrections were made in the calculations for this contribution. The Tuckerman Optical strain gauges are designed so that they can also be used as 1/4 inch gauges.5 In several instances, dentin specimens longer than 0.25 inch were obtained, and in these cases the 1/4 inch gauge length was used which spanned a continuous cylinder of dentin. In these cases no correction for the deformation of steel was required.
The elastic moduli in tension for steel, aluminum, and polystyrene were determined on the standard tensile specimens using a 1 inch gauge. The strain gauge extended across a continuous section of material, again making corrections to the deformation values unnecessary. 
RESULTS AND DISCUSSION
In order to establish the reliability of the modulus of elasticity obtained in compression with small samples of dentin, small cylinders of steel, aluminum, and polystyrene were prepared and the elastic moduli were determined. The accuracy of these measurements was established by comparing them with experimentally determined elastic moduli values in tension and with accepted published values for these materials. Table I contains average experimental values for the elastic moduli of steel, aluminum, and polystyrene determined both in compression and in tension. These values are in good agreement with each other and are also in accord with published results. Thus, the elastic modulus values of dentin determined in compression should represent experimentally satisfactory results. This is not to imply that the elastic modulus of dentin in compression will equal the elastic modulus in tension since this is only true for isotropic solids, and differences in these values can exist in the case of laminated structures. Since the ends of the dentin specimens were smaller than the square ends of the compression plungers, the surface of the plungers will deform to some extent when stress is applied, and this will result in a false strain reading.
A correction for this effect has been proposed by Stanford, Paffenbarger, and Kumpula,3 and the second column in Table II lists the elastic modulus values with this type of correction applied. The correction amounted to approximately 0.18 X106 psi for the size specimens and plungers used in this research.
The direction of the dentin specimen in relationship to the tooth, the rate of loading on the dentin specimens (from 3,400 to 34,000 psi/min.), and the dryness of the dentin did not have any measurable effect on the elastic modulus. The length/diameter ratio of the dentin specimens, however, did appear to have some effect on the elastic modulus but, in general, it was independent of the length/diameter ratio in the range from 1/1 to 2.5/1. For ratios between 1/1 and 0.5/1, the elastic modulus values were lower and appeared to be a direct function of the length. Two reasons for this observation are: (1) an actual decrease in the elastic modulus as the specimen shape changes from a cylinder to a plate, and (2) a lower slope of the stress-strain plot (lower modulus) caused by non-parallel ends of the specimen. This second factor would become more important the shorter the specimen, since the error introduced into the strain measurement would then be a larger percentage of the total strain. Thus, in the low length/diameter range of 0.5/1 to 1/1 it is felt that the second factor is the major reason for the low elastic modulus values. In the process of determining the stress-strain plots for dentin, it was observed that, if the stress was maintained at a constant value, the strain would continue to increase. It was of interest to study this effect further and to establish whether this flow represented permanent deformation and what effect the flow would have on the calculated elastic modulus.
Volume 37 Number 4 ELASTIC AND MECHANICAL PROPERTIES OF DENTIN 715 Fig. 1 shows the effect of loads below and above the proportional limit on the flow properties of dentin. In the first case, the load of 110 lb. was applied to the specimen as rapidly as possible, and the autocollimator reading was determined at various times (the autocollimator readings were not converted to strain since only relative values were needed to study the flow properties; to convert to strain the autocollimator reading should be multiplied by 0.0013 inch/inch). As shown in the graph, the strain increased with time when the load was maintained at 110 lb. After 20 minutes the load was relieved and the major portion of the deformation, the Hookian elastic deformation (Eh), was recovered immediately. The remaining deformation, the retarded elastic deformation (Er), however, was not completely recovered until 50 minutes later. The same load cycle was used with a 200 lb. load applied on the dentin specimen and a similar shaped curve was obtained (the stress in this case was above the proportional limit August, 1958 If the elastic modulus is considered to be represented by the ratio of the stress to the Hookian elastic deformation, then some means of correcting for the retarded elastic deformation should be used. Two methods for practically eliminating the contribution of the retarded elastic deformation were to calculate the elastic modulus from: (1) the stress-strain curve obtained on relieving the compressive stress on a dentin specimen, or from (2) the stressstrain curve obtained on the second or higher compression cycle. These procedures are illustrated in Fig. 2 . The stress-strain curves were obtained on a dentin specimen less than 0.25 inch long, for which reason gauges were used. The stress was increased from an initial stress of 4,000 psi to about 23,000 psi, which was below the proportional limit for this specimen; the stress was then decreased to approximately 3,000 psi, increased to 22,000 psi, and decreased again to about 4,000 psi. During these cycles, simultaneous readings of load and deformation were taken, permitting the calculation of the stress-strain curves in compression and decompression. It can be observed that the compression curve for cycle 1 was not linear below a stress of 7,000 psi (Fig. 2) . Also the slope of the linear portion of the compression curves for cycle 1 was less than the slope of the compression curve for cycle 2 or the decompression curves for cycle 1 or 2. The decompression curves for cycle 1 (1) The non-linearity of the first stress-strain curve was due to not having the ends of the dentin specimen exactly parallel. (2) The slope was lower for the first compression cycle because of the contribution to the strain of the retarded elastic deformation, and to some extent the non-parallel ends of the specimen. (3) The decompression curves did not coincide with the compression curves because the retarded elastic deformation did not have sufficient time to recover in the 6 to 8 minutes required to traverse the decompression range, as revealed by the curve. (4) The compression curve for cycle 2 did not coincide with the decompression curve of cycle 1 because some of the retarded elastic deformation was being recovered even though the stress was increasing. (5) The slopes of the compression curves for cycle 2 and the decompression curves for cycles 1 and 2 were equal because the effects of nonparallel ends and retarded elastic deformation had been largely avoided as influencing factors. 'ig. 3. Stress-strain curves in compression and decompression for a continuous dentin specimen.
When a dentin specimen longer than 0.25 inch was used with a 1/4 inch strain gauge, the effect of the specimen ends not being parallel was eliminated.
The stress-strain curve in compression and decompression for this type of system is shown in Fig. 3 the value of the retarded elastic deformation included in the total deformation at 20,500 psi stress. When the early stress-strain points and the corrected value of the strain at 20,500 psi stress were used to draw the stressstrain curve in compression, a straight line was obtained which was parallel to the decompression curve. The same elastic modulus value was, therefore, obtained by either correcting the compression curve or by directly calculating the slope of the decompression curve. It should be noted that the rate of loading is unimportant if the correction for retarded elastic deformation is made.
The best values for the elastic modulus of dentin are, therefore, those listed in columns 3 and 5 of Table II . Unfortunately, stress-strain curves in decompression were determined for only 2 specimens using the 1 inch strain gauge (column 3), and they yielded an average elastic modulus of 2.38 x106 psi. If it is assumed that the values in column 3 are on the average 0.33 x106 psi larger than those in column 2 (as indicated by data), the average value for column 3 would be approximately 2.6 X106 psi. Elastic modulus values determined on dentin specimens using 1/4 inch strain gauges and corrected for the retarded elastic deformation ranged from 2.57 to 2.85 X106 psi (column 5) and yielded an average value of 2.67 x106 psi. Thus, this research indicates that a good average value for the elastic modulus of dentin is 2.65 x106 psi.
SUMMARY AND CONCLUSIONS
The proportional limit and the ultimate compressive strength of dentin have been found to have average values of 24,200 and 43,100 psi, respectively.
The corrected elastic modulus of dentin was independent of the direction from which the specimens were taken from the teeth and from the rate of loading the specimen. The elastic modulus was also found to be independent of the length/diameter ratio for the specimen within the limits of 1/1 to 2.5/1.
Comparable values for the elastic modulus of dentin were obtained regardless of whether or not the deformation used in the calculation was de-*termined with a strain gauge spanning a continuous dentin specimen or a combination of dentin and steel, when proper corrections were made.
The total deformation in a dentin specimen below the proportional limit consisted of pure and retarded elastic deformation. Since this latter deformation was a function of time as well as load, it must be substracted from the total deformation before a correct elastic modulus can be calculated.
The average corrected elastic modulus of dentin was found to be between 2.4 and 2.7 x106 psi.
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